The characteristics of the output polarization angle and the polarization-mode beat frequency of a twisted fiber laser are investigated. A theoretical model is used to describe successfully the polarization properties.
1
The basic difference between the two cases is a result of the fact that a fiber laser with a linear cavity formed by two mirrors must satisfy an additional condition that the state of polarization (SOP) must come back to the original SOP after a complete round trip inside the cavity. 2 The polarization characteristics of fiber lasers under lateral stress, strain, and temperature change have been studied and utilized in recently introduced polarimetric fiber laser sensors. 2 -4 In those studies the fiber laser cavities had linear birefringence, and the external perturbations altered the magnitude of the birefringence, resulting in the change of beat frequency between the two eigenpolarization modes. The change in the polarization-mode beat (PMB) frequency is monitored for the measurement of external perturbations, providing a linear scale factor and a frequency readout without requiring complicated signal processors. The directions of eigenpolarization modes are aligned with the birefringence axes of the fiber. Here we deal with the response of the laser output to another important and frequently encountered external perturbation; i.e., the twist of the cavity fiber. Although the change in the PMB was observed when a fiber laser was twisted, 4 to our knowledge the basic mechanism has not been understood. Twisting a fiber induces circular birefringence, and if the fiber has intrinsic linear birefringence, as is usually the case, it results in a general elliptical birefringence. 1 The following analysis therefore assumes a combination of linear and circular birefringence. We also found that the existence of short untwisted fiber sections with linear birefringence at the ends of the fiber laser cavity causes a significant change in the characteristics of the fiber laser.
Let us consider a fiber laser formed with two planar mirrors and an amplifying fiber with uniform intrinsic linear birefringence b ͑rad͞m͒, one end of which is rotated by an angle tl, where t is the twist rate of the fiber and l is the length of the fiber. It is assumed that the laser cavity does not have polarization-dependent loss. In the coordinate system that is fixed to the fiber, the circular birefringence a ͑rad͞m͒ induced by the twist is a ͑g 2 2͒t, where g is a coefficient with a value of ϳ0.16 for fused silica. 1 It is more convenient to use the coordinate system fixed to the fiber since the principal axes of the linear birefringence are stationary in this system. The resultant elliptical birefringence has a magni-
The evolution of the SOP in such a fiber can be conveniently analyzed by use of a unitary Jones matrix A for an optical wave traveling in one direction, 5 as shown in Fig. 1 . For light traveling in the opposite direction the Jones matrix is the transpose of A, i.e., A T , assuming a reciprocal system. 6 For the light that makes a complete round trip starting from the output mirror in Fig. 1 the Jones matrix describing the propagation of light becomes AA T . If we neglect common optical phase terms, it can be represented as
where a cos d 1 sin 2 2B͑1 2 cos d͒, b cos 2B sin d, c 2cos 2B sin 2B͑1 2 cos d͒, B ͓arctan͑a͞b͔͒͞2, and d Vl. The laser output must satisfy the resonance condition such that the optical wave has to come back to the same phase and SOP after one round trip inside a laser cavity. This requirement leads to an eigenvalue equation whose solutions provide two mutually orthogonal eigenpolarizations (eigenvectors) with their optical frequencies (eigenvalues). As demonstrated in Ref. 2 , the eigenpolarizations are linear at the locations of the mirrors. After a straightforward calculation we can directly obtain the parameters of interest, namely, the directions of eigenpolarization modes ͑u, u 1 p͞2͒ and the PMB frequency ͑Df P ͒:
where c is the speed of light in vacuum, n is the refractive index of fused silica, and
Some of the properties of the PMB frequency and the polarization direction as a function of twist angle ͑tl͒ can be predicted from the above equations. When the twist rate is negligible ͑jbj . . jaj͒, d Х jbjl and B Х 0, resulting in Df P Х ͑c͞2nl͒͑jbjl͞p͒ and u Х 0 (or p͞2) if we take the plus (or minus) in the denominator of Eq. (3). These results are expected because, for a linearly birefringent fiber laser cavity, the eigenpolarization axes should coincide with the birefringence axes (u 0 and p͞2), and the PMB frequency is determined by the differential phase accumulation ͑bl͒ between the two polarization modes. When the twist rate is very high ͑jaj . . jbj͒, d Х jajl and B Х 2p͞4, leading to Df p Х 0 and u Х 2d͞4 al͞4 (or al͞4 1 p͞2͒. The fact that the PMB frequency approaches zero means that the two eigenpolarization modes are becoming almost degenerate. This makes physical sense, considering the fact that any linearly polarized optical wave propagating in a purely circularly birefringent medium experiences the same phase accumulation. However, the behavior of u is not straightforward to understand. The direction of polarization u changes at the rate ͑g 2 2͒tl͞4 Х 20.46tl in the fiber fixed frame. In the laboratory frame the polarization direction u l u 1 tl 0.54tl, meaning that the polarization of the laser output follows the twist of the fiber cavity at approximately half the twist rate. These polarization properties can be seen in the calculated results depicted in Fig. 2 . Curve a represents u l , with a slope of 0.54tl at high twist angles, as expected. When u reaches 2p͞2, that is, when tl 2p͑͞2 2 g͒ Х 196 ± , the output polarization has been rotated by 90 ± in the fiber-fixed frame, coinciding with the initially orthogonal SOP. At this point, one can go back to the original SOP and repeat the same process (curve b) or continue to follow the polarization direction (curve a). The PMB frequency decreases (curve c) as the twist angle increases, as predicted.
The fiber laser used for the experiment was constructed with a 0.95-m-long Nd-doped fiber (provided by BT Laboratories) and two planar mirrors (99% and 90% reflectance) glued to the ends of the fiber. An Ar laser at 514.5 nm was used for pumping the fiber laser through the high-reflectance mirror. At the incident pump power level of ϳ50 mW (threshold pump power was 30 mW), ϳ50 mW of signal power at 1.057 mm was obtained. The spectral linewidth of the output was ϳ4 nm. A short section (ϳ5 cm long) of the output end of the fiber laser was glued to a holder that was mounted on a rotation stage. A much shorter section of the other end of the laser cavity was also glued to a fixture. A rotatable polarization analyzer and a rf spectrum analyzer were used to measure the polarization direction and the PMB frequency as a function of twist angle tl. The longitudinal-mode beat frequencies were observed at the harmonics of ϳ110 MHz, as expected from the cavity length. In general, PMB signals are observed between two adjacent longitudinal-mode beat signals. 3 We determined the directions of the eigenpolarizations by locating the polarizer angle that did There are two such angles separated by p͞2, as expected. Figure 3 shows the experimental results of the output polarization angle in the laboratory frame ͑u l ͒ as a function of the twist angle of the fiber cavity. The solid curve represents calculated results, assuming that a 5-cm-long section of fiber at the output is rotated without twist. Experimental procedures made it difficult to remove the section. In this case the eigenvalue equation [Eq. (1)] had to be modified to include an additional Jones matrix:
where d d ͑bl d ͒ is the differential phase shift in the untwisted section of length l d . In this case the total Jones matrix describing the laser cavity becomes CAA T C T . Note that the behavior is different from the results shown by curve a in Fig. 2 for a uniformly twisted fiber laser in that the polarization direction more or less follows the twist angle. In fact, the results are closer to curve b in Fig. 2 , without the sharp p͞2 discontinuities. It can be seen that the theoretical calculation predicts the experimental results reasonably well. For the theoretical simulation the value of the linear birefringence b was assumed to be 1.8 rad͞m for a best-fit curve. The value of g was independently measured to yield g ഠ 0.16, which was used for the simulation. The experimental data for PMB frequency as a function of twist angle are plotted in Fig. 4 along with theoretical results. As discussed above, the PMB frequency decreases as the twist angle increases. The periodicity in the variation of the PMB frequency and the polarization angle agrees well with the prediction, namely, ϳ196 ± for large twist angles.
In conclusion, we have measured the dependence of the polarization angle and the PMB frequency of fiber laser output on the twist angle of the laser cavity. A theoretical model is in good agreement with the observed behavior of the laser. The results presented here may be applied to fiber sensors and polarization control of fiber lasers.
